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Edited by Peter BrzezinskiAbstract The redox potentials of P700, the primary electron
donor of photosystem (PS) I, of spinach and Thermosynechococ-
cus elongatus were determined by means of spectroelectrochem-
istry with an error range of ±2–3 mV, to ﬁnd that the redox
potential of P700 in T. elongatus is lower by ca. 50 mV as com-
pared with spinach. The shift in the P700 redox potential of PS I
core particles prepared by harsh detergent treatments remained
to within 10 mV for both organisms. These results show that
the 50 mV diﬀerence in the P700 redox potential between the
two organisms is not a detergent-induced artifact but reﬂects
an intrinsic property of each PS I.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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potential1. Introduction
P700, the primary electron donor of photosystem (PS) I con-
sisting of a heterodimer of chlorophyll (Chl) a and a 0 (the C132
epimer of Chl a) [1], produces a strong reductive power upon
light excitation. Though the redox potential of P700 is known
to be by roughly 400 mV lower than that of monomeric Chl a
in organic solvents [2], the cause for such a large shift in the
redox potential is still unclear.
Even the P700 redox potential itself, determined over dec-
ades mainly by chemical redox titration, exhibits a heavy scat-
ter from +375 to +525 mV (for review, see [3]). One cause for
this scatter may be the low accuracy of chemical titration
employing potassium ferricyanide as the redox mediator or
for imposing the redox potential. The slower redox equilibrium
between P700 and potassium ferricyanide as shown previously
[4] can bring about ambiguities in ﬁnding out the redox equi-Abbreviations: Chl, chlorophyll; Cyt, cytchrome; DM, dodecyl-b-D-
maltoside; Fc, ferrocene; LHC, light-harvesting complex; OTTLE,
optically transparent thin-layer electrode; Pc, plastocyanin; PS, pho-
tosystem; TX, Triton X-100
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of the P700 redox potential as reported by Se´tif and Mathis [5].
Thirdly, however, the scattering as much as 150 mV observed
in previous works may have resulted in part from inherent dif-
ferences of the P700 redox potential among oxygenic photo-
synthetic organisms. To examine this latter possibility, we
measured in this work the P700 redox potentials of PS I iso-
lated from spinach and a cyanobacterium Thermosynechococ-
cus elongatus, examining the eﬀects of detergent treatments,
by spectroelectrochemistry using an optically transparent
thin-layer electrode (OTTLE), for which the measurement er-
ror is within a few millivolts [4].2. Materials and methods
2.1. Sample preparation
The PS I trimer of T. elongatus, PS I-light-harvesting complex
(LHC) I and SDS-treated PS I (CP I) of spinach [6], and digitonin-trea-
ted stroma thylakoid membranes of spinach (D144) [7] were prepared
as described previously. PS I treated with Triton X-100 (TX-PS I) was
prepared as follows. PS I trimer of T. elongatus was treated with 5%
TX in 50 mM Tris–HCl (pH 8.0) at room temperature for 60 min at
a Chl a concentration of 0.5 mM. PS I-LHC I of spinach was treated
with TX in 50 mM Tris–HCl (pH 8.0) at a TX/Chl ratio of 35 (w/w) for
30 min at room temperature. These TX-treated PS I were puriﬁed by
sucrose density gradient centrifugation and anion-exchange perfusion
HPLC [6]. The Chl/P700 ratio of each preparation is summarized in
Table 1 and agreed well with X-ray crystallographic studies [1,8] and
our previous result [6].2.2. Spectroelectrochemistry
The P700 redox potential was determined spectroelectrochemically
with an OTTLE cell by monitoring redox-induced absorbance changes
at 808 nm arising solely from the accumulation of P700+ [4]. The
assembly of the OTTLE cell (optical path length: ca. 180 lm) with a
gold mesh working electrode, a Pt wire counter electrode, and an
Ag–AgCl (sat. KCl) reference electrode was detailed previously [4].
The electrode potential is hereafter reported vs. SHE (+199 mV vs.
Ag–AgCl (sat. KCl)).
For spectroelectrochemical measurements, a PS I preparation was
suspended at a Chl a concentration of 1–2 mM, corresponding to ca.
10 lM P700, with a buﬀer containing 50 mM Tris–HCl (pH 8.0),
0.2 M KCl, 0.3% dodecyl-b-D-maltoside (DM), and the following re-
dox mediators; 10 lM N-methyl phenazonium methosulfate (PMS;
E0 0 = +80 mV), 20 lM tetrachlorobenzoquinone (E0 0 = +260 mV),
30 lM 1,1 0-dimethylferrocene (Fc) (E0 0 = +337 mV), 30 lM Fc
(E0 0 = +418 mV), and 30 lM 1,10-Fc dimethanol (E0 0 = +476 mV; Al-
drich). Water-insoluble redox mediators (tetrachlorobenzoquinone
and Fc derivatives) were added by diluting a 50-fold concentrated
stock solution suspended in 10% DM. For measurements of D144,
DM in the buﬀer was replaced to the same concentration of digitonin.blished by Elsevier B.V. All rights reserved.
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Fig. 2. Nernstian plots for P700 of T. elongatus and spinach. Each
curve represents the theoretical one-electron redox reaction for the
redox potential indicated.
Table 1
P700 redox potentials determined spectroelectrochemically
E (mV) vs. SHE na Chl/P700c
T. elongatus
PS I trimer 423 ± 1 0.92 ± 0.02 103 ± 2
TX-PS I 434 ± 1 0.99 ± 0.06 66 ± 1
Spinach
D144b 468 ± 1 0.98 ± 0.02 196 ± 7
PS I-LHC I 470 ± 2 0.93 ± 0.05 154 ± 12
TX-PS I 475 ± 3 0.98 ± 0.01 71 ± 4
CP I 466 ± 2 0.90 ± 0.05 40 ± 2
Values are means ± S.D. of three independent samples.
aNumber of electrons participating in the P700 redox.
bDetermined in the presence of 0.3% digitonin instead of DM.
cDetermined as described in [6].
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3.1. P700 redox potential of T. elongatus PS I trimer and
spinach PS I-LHC I
Fig. 1 shows the absorbance changes at 808 nm during po-
tential journeys. P700 was reduced at E = +50 mV and then
oxidized by application of a varying anodic electrode potential.
DA808 increased rapidly and reached a steady state within 90 s
for any electrode potential applied, for both PS I trimer and PS
I-LHC I. The fast redox equilibrium between the electrode and
P700 achieved by choosing Fc derivatives as redox mediators
and continuous monitoring of the 808 nm absorbance were
made possible to ﬁnd precisely a redox equilibrium, in contrast
to the slower redox equilibrium by using ferricyanide and
detecting the redox state of P700 by a series of ﬂash-induced
absorbance change [4]. When the electrode potential was re-
turned to E = +50 mV, the DA808 value dropped rapidly to
zero, indicating that the redox reaction of P700 is fully revers-
ible. The reversibility of the redox reaction was maintained
throughout several hours of experiments. Complete oxidation
and re-reduction of P700 at E = +650 and +50 mV were con-
ﬁrmed by application of higher and lower potentials after add-
ing a redox mediator, ferrocene dicarboxylic acid (E0 0 =
+644 mV), and further addition of PMS.
As compared with spinach PS I-LHC I, the DA808 values of
T. elongatus PS I trimer showed quite diﬀerent responses to a
rise in the electrode potential. In the PS I trimer, a larger frac-
tion of P700 was oxidized at more negative electrode potential0 100 200 300 400
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Fig. 1. Absorbance change at 808 nm during potential journeys: (a) PS I t
potential was stepped from E = +50 mV to a value indicated, then returned a
change were determined after smoothing the traces by simple moving averagthan P700 of the PS I-LHC I (Fig. 1). For both the PS I trimer
and the PS I-LHC I, the DA808 values changed against the elec-
trode potential, following well the ideal curves for one-electron
redox process (Fig. 2, Table 1). The P700 redox potential of the
PS I trimer determined from the Nernstian plots was by about
50 mV lower than that of the PS I-LHC I (Table 1). A change
in the supporting electrolyte, KCl, from 200 to 50 mM did not
aﬀect the value of the P700 redox potential, for both T. elong-
atus and spinach (data not shown).
3.2. Eﬀects of detergent treatments on the P700 redox potential
To substantiate the 50 mV diﬀerence in the P700 redox po-
tential between the native PS I of T. elongatus and spinach,
the detergent-induced shift of the P700 redox potential [5]
was evaluated by extending the spectroelectrochemical deter-
mination to PS I core samples prepared from the native PS I
with harsh detergent treatments and native PS I prepared with
a weaker detergent.
By TX treatments, peripheral subunits including LHC I for
spinach [6] and antenna Chl a of PS I (Table 1) were removed
from the native PS I. CP I of spinach possesses only PsaA/B
core subunits and about one third of antenna Chl a molecules
in PS I-LHC I [6].0 100 200 300 400
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rimer of T. elongatus and (b) PS I-LHC I of spinach. The electrode
gain to E = +50 mV. The magnitudes of the redox-induced absorbance
e.
A. Nakamura et al. / FEBS Letters 579 (2005) 2273–2276 2275Despite detachment of the peripheral subunits and antenna
Chl a, caused by harsh treatments, the P700 redox reactions re-
mained fully reversible as in the native PS I (data not shown).
The DA808 values of PS I core samples also followed well the
one-electron Nernstian curves by varying the electrode poten-
tial (Fig. 2, Table 1). The P700 redox potential in the PS I core
samples were very similar to those in the native PS I (Table 1).
The shifts of the P700 redox potential in the PS I core samples
from the native PS I were within 11 mV for T. elongatus, and
5 mV for spinach.
When PS I-enriched fraction (D144) was isolated from spin-
ach with a weak detergent digitonin, the P700 redox potential
was almost the same with the PS I-LHC I prepared with a lower
concentration of the stronger detergent TX (Table 1). The
P700 redox potential of D144 was not aﬀected by changing
the detergent in the sample solution from 0.3% digitonin to
the same concentration of DM, and this ensures that 0.3%
DM in the sample solution did not alter the P700 redox poten-
tial (not shown).4. Discussion
4.1. Eﬀects of detergents on the P700 redox potential
The P700 redox potential of the PS I trimer of T. elong-
atus is about 50 mV lower than that of spinach PS I-LHC
I (Figs. 1 and 2). Considering the reported observations that
the spinach P700 redox potential may be shifted negatively
by 23–61 mV on detergent treatment with TX or SDS [5],
and that P700 of T. elongatus can tolerate more harsh deter-
gent treatments than spinach PS I [9], the observed diﬀer-
ence in the P700 redox potential can be caused by
diﬀerent sensitivity to detergents during sample preparation
between PS I of T. elongatus and spinach. However, the
P700 redox potential of PS I core samples prepared with
higher concentration of TX and SDS led to a redox poten-
tial shift substantially smaller than the diﬀerence in the P700
redox potentials between T. elongatus and spinach (Table 1).
Though the P700 redox potential of native-like PS I-LHC I
of spinach prepared with a lower TX concentration [6] could
be already altered signiﬁcantly by TX, the ﬁnding that the
P700 redox potentials were almost the same for the PS I-
LHC I and D144 prepared with a weak detergent, digitonin
(Table 1), rules out the possibility of detergent-induced
change in the redox potential. Hence the 50 mV diﬀerence
of the P700 redox potential between the PS I trimer and
the PS I-LHC I reﬂects an inherent diﬀerence of the P700
redox potential between T. elongatus and spinach.
In contrast to previous studies [5], the shifts in the P700 re-
dox potential for PS I core samples after treating with TX or
SDS were less than ±10 mV (Table 1). Such a discrepancy
may have arisen from a diﬀerence in the amount of residual
detergent molecules complexed with the PS I core samples.
The PS I core samples could possess a larger amount of deter-
gents around themselves, due to the higher detergent/Chl ratios
during treatments, than those in the native PS I. If a large
amount of detergents remained around the PS I core samples,
the P700 redox potential may be heavily aﬀected through
structural perturbations around P700. The PS I core samples
employed here would contain a smaller amount of residual
detergents than those in previous studies, because the PS I core
samples were washed suﬃciently with 0.025% DM during an-ion-exchange HPLC; this may have led to smaller detergent-
induced shifts of the P700 redox potential in this work.
Though the P700 redox potential seems to be sensitive to
structural perturbations at P700 itself and surrounding scaf-
folds, the observed potential value was not signiﬁcantly altered
by removal of LHC I, peripheral subunits, and a part of core
antenna Chl a (Table 1). The small shifts of the P700 redox po-
tential in going from the native PS I to the PS I core samples
employed here would indicate that P700 and surrounding
polypeptides are relatively intact even after removal of periph-
eral subunits and antenna Chl a, and larger detergent-induced
shifts of the P700 redox potential reported previously [5] may
be reversible.
4.2. Possible causes for the species-dependence of P700 redox
potential
A recent study on PS I of Chlamydomonas reinhardtii re-
vealed that removal of the hydrogen bonding between C131
ketocarbonyl group of Chl a 0 in P700 and Thr739 on PsaA
by site-directed mutagenesis shifted the P700 redox potential
negatively about 9  60 mV [10,11]. However, the 50 mV dif-
ference in the P700 redox potential between T. elongatus and
spinach cannot be rationalized by invoking such a diﬀerence
in the hydrogen bonding pattern between Chl a 0 and the sur-
rounding amino acid residues, because the amino acid residues
on PsaA/B in close contact with P700 is fully conserved be-
tween T. elongatus and spinach [1].
One of the remarkable diﬀerences between PS I of T. elong-
atus and spinach is the nature of its external electron donor
protein. P700+ is re-reduced exclusively by cytochrome (Cyt)
c6 in T. elongatus [12], but by plastocyanin (Pc) in spinach
[13]. Pc and eucaryotes PS I form a tightly complexed interme-
diate by interaction between Pc and the N-terminal of PsaF
during interprotein electron transfer, while Cyt c6 and T. elong-
atus PS I do not form such an intermediate [13,14]. If the struc-
ture of the Pc or Cyt c6 binding site around P700, which would
involve charged amino acid residues [15], is slightly diﬀerent
between T. elongatus and spinach, resulting in diﬀerent modes
of interaction with the electron donor protein, the P700 redox
potential could be shifted through subtle diﬀerence in electro-
static interactions between P700 and the charged amino acid
residues in the binding site for Cyt c6 or Pc. In this context,
it is of much interest to point out that the redox potential of
Cyt c6 in T. elongatus, +321 mV [16], is also ca. 50 mV lower
than that of Pc in spinach, +366 mV [17] (both values were
determined by direct voltammetry at neutral pH). To rational-
ize the diﬀerence in the P700 redox potential to structural dif-
ferences in PS I, a further systematic comparison of the P700
redox potentials for a series of oxygenic photosynthetic organ-
isms is now under way.
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